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Abstract
A statewide study was led to develop regression equations for estimating three selected spring and three selected fall low-flow frequency statistics for ungaged stream sites in Iowa. The estimation equations developed for the six low-flow frequency statistics include spring (April through June) 1-, 7-, and 30-day mean low flows for a recurrence interval of 10 years and fall (October through December) 1-, 7-, and 30-day mean low flows for a recurrence interval of 10 years. Estimates of the three selected spring statistics are provided for 241 U.S. Geological Survey continuousrecord streamgages, and estimates of the three selected fall statistics are provided for 238 of these streamgages, using data through June 2014. Because only 9 years of fall streamflow record were available, three streamgages included in the development of the spring regression equations were not included in the development of the fall regression equations. Because of regulation, diversion, or urbanization, 30 of the 241 streamgages were not included in the development of the regression equations. The study area includes Iowa and adjacent areas within 50 miles of the Iowa border. Because trend analyses indicated statistically significant positive trends when considering the period of record for most of the streamgages, the longest, most recent period of record without a significant trend was determined for each streamgage for use in the study. Geographic information system software was used to measure 63 selected basin characteristics for each of the 211streamgages used to develop the regional regression equations. The study area was divided into three low-flow regions that were defined in a previous study for the development of regional regression equations.
Because several streamgages included in the development of regional regression equations have estimates of zero flow calculated from observed streamflow for selected spring and fall low-flow frequency statistics, the final equations for the three low-flow regions were developed using two types of regression analyses-left-censored and generalized-leastsquares regression analyses. A total of 211 streamgages were included in the development of nine spring regression equations-three equations for each of the three low-flow regions. A total of 208 streamgages were included in the development of nine fall regression equations-three equations for each of the three low-flow regions. A censoring threshold was used to develop 15 left-censored regression equations to estimate the three fall low-flow frequency statistics for each of the three low-flow regions and to estimate the three spring low-flow frequency statistics for the southern and northwest regions. For the northeast region, generalized-least-squares regression was used to develop three equations to estimate the three spring low-flow frequency statistics. For the northeast region, average standard errors of prediction range from 32.4 to 48.4 percent for the spring equations and average standard errors of estimate range from 56.4 to 73.8 percent for the fall equations. For the northwest region, average standard errors of estimate range from 58.9 to 62.1 percent for the spring equations and from 83.2 to 109.4 percent for the fall equations. For the southern region, average standard errors of estimate range from 43.2 to 64.0 percent for the spring equations and from 78.1 to 78.7 percent for the fall equations.
The regression equations are applicable only to stream sites in Iowa with low flows not substantially affected by regulation, diversion, or urbanization and with basin characteristics within the range of those used to develop the equations. The regression equations will be implemented within the U.S. Geological Survey StreamStats Web-based geographic information system application. StreamStats allows users to click on any ungaged stream site and compute estimates of the six selected spring and fall low-flow statistics; in addition, 90-percent prediction intervals and the measured basin characteristics for the ungaged site are provided. StreamStats also allows users to click on any Iowa streamgage to obtain computed estimates for the six selected spring and fall low-flow statistics.
Introduction
Knowledge of the magnitude and frequency of low flows for streams is fundamental for water-supply planning and design; waste-load allocation (WLA); reservoir storage design and maintenance; and quantity and quality of water for irrigation, recreation, aquatic life, and wildlife conservation. Lowflow statistics indicate the probable availability of water in streams during times when conflicts between water supply and demand are most prevalent; therefore, low-flow statistics are needed by Federal, State, and local agencies for water-quality regulatory activities and water-supply planning and management. These statistics can be used as thresholds when setting wastewater-treatment plant effluent limits and allowable pollutant loads to meet water-quality regulations. Low-flow statistics can be used by commercial, industrial, and hydroelectric facilities to determine availability of water for water supply, wastewater discharge, and power generation. Low-flow statistics also can be used in ecological research. Low-flow conditions can disturb ecosystems and create biological responses and changes in habitat, such as reduced populations of aquatic species and shifts in the relative distribution of species (Miller and Golladay, 1996) .
Currently (2016), 481 stream reaches in Iowa were designated as impaired (Category 5 of the State's Section 303 [d] list that exceed specific water-quality criteria [Iowa Department of Natural Resources and the U.S. Environmental Protection Agency, 2015] ). These stream reaches may require having pollutant loads analyzed and maximum loading rates established by total maximum daily load assessments (U.S. Environmental Protection Agency, 2015) . Reliable estimates of expected streamflow are needed for specific periods of the year when determining the maximum allowable load of a pollutant in a stream. Estimates of expected streamflow are especially important for low-flow periods when agencies need to determine WLAs for National Pollution Discharge Elimination System discharge permits for municipalities, industries, and other entities with facilities that discharge wastewater into a stream. A WLA is the loading capacity or maximum quantity of a pollutant each point-source discharger is allowed to discharge into a particular stream. The WLAs are used to establish water-quality-based limits for point-source discharges.
Seasonal low-flow statistics are used by Iowa Department of Natural Resources (IDNR) for setting water-quality-based effluent limits for controlled discharge lagoons wastewatertreatment plants during April through June (spring) and October through December (fall). Because controlled discharge lagoons are only allowed to discharge twice a year, one in the spring and another in the fall, spring and fall low-flow statistics are needed to develop water-quality-based effluent limits for these facilities (Connie Dou, Iowa Department of Natural Resources, written commun., 2016) .
In Iowa, the U.S. Geological Survey (USGS) operates a network of streamgages that provides streamflow data for a variety of purposes, and spring and fall low-flow frequency statistics can be calculated from streamflow data collected at these locations. Streamgages cannot be operated at every location; therefore, methods are needed for estimating spring and fall low-flow frequency statistics at ungaged stream sites. In 2015, the USGS led a statewide study in cooperation with the IDNR to update and improve the accuracy of estimates of spring and fall low-flow frequency statistics for ungaged stream sites in Iowa. Primary components of the study included (1) computing three selected spring low-flow frequency statistics at 241 streamgages and three selected fall low-flow frequency statistics at 238 streamgages using the longest, most recent period of streamflow record through June 2014 without a significant trend; (2) measuring 63 basin characteristics for each of the 208 streamgages included in the fall season regression analyses and for an additional 3 streamgages for a total of 211 streamgages included in the spring season regression analyses; and (3) developing 18 regional regression equations (RREs) to estimate the six selected statistics at ungaged stream sites based on basin characteristics. Because only 9 years of fall streamflow record were available, 3 streamgages included in the computation of the spring statistics and the development of the spring RREs were not included in the computation of the fall statistics and the development of the fall RREs.
Purpose and Scope
The RREs for estimating selected spring and fall lowflow frequency statistics were developed for use in Iowa and are described in this report. The regression equations relate selected spring and fall low-flow frequency statistics to physical and climatic characteristics of drainage basins. In addition, the regression equations developed from this study will be included in StreamStats, a USGS Web-based geographic information system (GIS) application (http://water. usgs.gov/osw/streamstats/). StreamStats allows users to obtain selected streamflow-statistic estimates, upstream drainagebasin characteristics, and other information for user-selected stream sites.
This report presents 18 RREs that can be used to estimate 6 selected statistics for ungaged sites on unregulated streams in Iowa. The equations can be used to estimate low-flow frequency statistics for spring (April through June) 1-, 7-, and 30-day mean low flows for a recurrence interval of 10 years and fall (October through December) 1-, 7-, and 30-day mean low flows for a recurrence interval of 10 years. The equations were developed using selected spring low-flow frequency statistics computed for 211 continuous-record streamgages and for selected fall low-flow frequency statistics computed for 208 of these streamgages. These streamgages are unaffected by regulation, diversion, or urbanization and they are in Iowa and in adjacent States within a 50-mile (mi) buffer of Iowa (all gaged drainage basins are within the buffer). Because only 9 years of fall streamflow record were available, 3 streamgages included in the development of the spring RREs were not included in the development of the fall RREs. Drainage areas of the streamgages used to develop the spring and fall RREs ranged from 1.4 to 7,785 square miles (mi 2 ). Selected spring low-flow frequency statistics computed for 241 streamgages and selected fall low-flow frequency statistics computed for 238 of these streamgages are presented in this report. The spring and fall low-flow frequency statistics were computed using streamflow data collected through June 2014 at streamgages with at least 10 years of streamflow record. Spring and fall low-flow frequency statistics included in this report for 30 streamgages operated by the USGS Iowa Water Science Center were not included in the development of RREs because streamflow at these streamgages is affected by regulation, diversion, or urbanization. These 30 streamgages are listed in table 1-1 (of the appendix) under the column heading of "Low-flow region" with the abbreviation "NU" for streamgage not used in the development of RREs. Significant positive trends in annual low flow were indicated when considering the period of streamflow record for most of the streamgages included in this study. Therefore, spring and fall low-flow frequency statistics were computed for each streamgage using the longest, most recent period of record without a significant trend in low flow. The accuracy and limitations of the regression equations and the methodology used to develop the equations are described in the report.
This report is the fifth in a series of reports that describe low-flow characteristics for Iowa streams. Brief descriptions of the first three reports are presented in the fourth report (Eash and Barnes, 2012) .
Description of Study Area
The study area includes Iowa and adjacent areas within 50 miles of the Iowa border in the neighboring States of Illinois, Minnesota, Missouri, Nebraska, South Dakota, and Wisconsin ( fig. 1) . A map of soil regions in Iowa is presented in Eash and Barnes (2012) and a detailed description of soils in Iowa is presented by Oschwald and others (1965) . A brief description of landform regions in Iowa is presented in Eash and Barnes (2012) and a detailed description is presented by Prior (1991) . Updates to landform regions in Iowa are described in Prior and others (2009) .
Most precipitation in the study area results from storms moving inland primarily from the Gulf of Mexico (not shown) and secondarily from the Pacific Ocean (not shown) (Soenksen and Eash, 1991) . Annual precipitation, which is mostly rain, ranges from 26 inches in the extreme northwest to as much as 38 inches in the southeast; the statewide average is around 34 inches (National Climatic Data Center, 2012) . About 75 percent of the annual precipitation is received during April through September. During August through February, streamflow in most unregulated streams in the study area is typically base flow. During March through July, streamflow is substantially greater, primarily as a result of snowmelt during late February through early April and rainfall during May through July. Annual minimum streamflows are typically during August through February (Eash and others, 2015) .
During the second one half of the 20th century, base flow in streams in Iowa has increased, and more precipitation flowed into streams as base flow than as surface flow (Schilling and Libra, 2003) . Hypothesized reasons for the observed base-flow trends include (1) improved conservation practices, (2) added artificial drainage, (3) increasing row crop intensity, and (4) channel incision. Increasing base flow in Iowa streams is significantly related to increasing row crop production; a 13-52-percent increase in row crop percentage in many Iowa basins has contributed to a 7-31-percent increase in base flow (Schilling, 2005) . Analyses of streamflow trends for the United States indicated positive trends in minimum flows and that the trends appear to have started abruptly around 1970 (McCabe and Wolock, 2002; Lins, 2005 ). Kendall's tau trend analyses, presented in Eash and Barnes (2012) , of annual and fall low flows for 208 unregulated streamgages in Iowa (and within a 50-mi buffer of the State) indicated significant positive trends for 133 of the 208 streamgages tested for the period of record. Lins (2005) indicated positive trends in the Upper Mississippi region and that the pattern of trends is dominated by increases in streamflow during September through December. Small and others (2006) indicated that positive trends in 7-day low flow for the upper Mississippi region during 1948-97 appear to be related to an increase in fall precipitation.
Methods for Dataset Development for Streamgages
Data used in this report were collected for 241 selected active and inactive continuous-record streamgages in Iowa and within a 50-mi buffer of Iowa in the neighboring States of Illinois, Minnesota, Missouri, Nebraska, South Dakota, and Wisconsin ( fig. 1 ; table1-1 of the appendix). Daily mean discharge data collected through June 2014 were retrieved for the 241 streamgages from the USGS National Water Information System database (U.S. Geological Survey, 2016) for use in computing selected spring and fall low-flow frequency statistics. Streamgages with at least 10 complete years of spring (April through June) or fall (October through December) daily mean discharges were selected for the computation of selected spring and fall low-flow frequency statistics. A subset of these streamgages that were unaffected by regulation, diversion, or urbanization were selected for evaluation in the study for the development of RREs.
Retrieved streamflow data were reviewed to eliminate data affected by regulation, diversion, or urbanization from biasing the development of regression equations for selected spring and fall low-flow frequency statistics. Decisions on inclusion or exclusion of data for streamgages were made using hydrologic judgment according to available information regarding the occurrence, timing, and extent of regulation, diversion, or urbanization upstream from the streamgages. In general, all streamgages with data affected by upstream regulation, diversion, or urbanization during typical low-flow periods were deleted from the regression study dataset. Information available about possible regulations, diversions, or urbanization at streamgages was not always complete, and the veracity was questionable in some cases. Thus, data affected by regulation, diversion, or urbanization possibly could have been included in the regression study dataset. However, the overall effect on the development of RREs is believed to be minimal.
Spring and fall low-flow frequency statistics included in this report for 30 streamgages operated by the USGS Iowa Water Science Center were not included in the development of RREs because streamflow at these streamgages is affected by regulation, diversion, or urbanization (table 1-1). Of the 211 streamgages included in the development of RREs in this study, 137 are in Iowa and 74 are in neighboring States. Streamgages from neighboring States were used to improve the representativeness of selected spring and fall low-flow frequency statistics and basin characteristics present in Iowa border areas and were used to provide better estimates of the error of the regression equations for ungaged sites near the State border.
Base-flow measurement data collected during 1957-1976 at 426 low-flow partial-record sites in Iowa (Lara, 1979) were not included in this study because of the possibility that data limited to 1957-76 may bias the development of RREs. A discussion of the reasons for not including the base-flow measurement data in the previous low-flow study for Iowa is presented in Eash and Barnes (2012) .
Low-Flow Frequency
Low-flow frequencies were estimated for statistics during spring (April through June) 1-, 7-, or 30-day mean low flow for a recurrence interval of 10 years (M1D10Y0406, M7D10Y0406, and M30D10Y46, respectively) and during fall (October through December) 1-, 7-, or 30-day mean low flow for a recurrence interval of 10 years (M1D10Y1012, M7D10Y1012, and M30D10YOD, respectively). Names used to describe low-flow frequency statistics in this report were selected to maintain consistency with existing names used in StreamStats (http://streamstatsags.cr.usgs.gov/ss_defs/flow_ stat_defs.aspx).
Because 10-11 years of spring streamflow record and only 9 years of fall streamflow record were available for streamgages 05409830, 06480400, and 06903500 (map numbers 25, 171, and 237; fig. 1 ), spring low-flow frequency statistics were estimated for 241 streamgages and fall low-flow frequency statistics were estimated for 238 streamgages in this study (table 1-1). With the exclusion of 30 streamgages from the development of RREs because of regulation, diversion, or urbanization (table 1-1), 211 streamgages were used for the development of the spring RREs and 208 streamgages were used for the development of the fall RREs.
The magnitude and frequency of low flows are computed for a streamgage by relating a specific number of consecutive daily mean discharges during an annual period to annual minimum nonexceedance probability or recurrence interval. Annual nonexceedance probability is expressed as the chance that a selected low-flow magnitude will not be exceeded during any single year. Recurrence interval, which is the reciprocal of the annual nonexceedance probability, is the average number of years between nonexceedances of a selected lowflow magnitude.
For example, if a theoretical spring or fall 7-day mean low-flow discharge is not exceeded once on the average during any 10-year period (recurrence interval), then the discharge has a 10-percent chance (annual nonexceedance probability equals 0.1) of not being exceeded during any single year. This spring or fall low-flow discharge is referred to as the annual spring or fall 7-day, mean low flow for a recurrence interval of 10 years (M7D10Y0406 or M7D10Y1012, respectively). Although the recurrence interval represents the long-term average period between spring or fall low flows of a specific magnitude, rare low flows could occur at shorter intervals or even within the same year during the spring or fall. Discharge values estimated for low-flow frequency statistics like M7D10Y0406 or M7D10Y1012 can change as streamflow periods of record become longer.
The USGS has established standard methods for estimating low-flow frequency statistics for streamgages (Riggs, 1972) . Spring and fall low-flow frequency statistics included in this study were calculated using the USGS Surface-Water Toolbox computer program (Kate Flynn, U.S. Geological Survey, written commun., 2014) that implements the USGS Surface-Water Statistics computer program functionality (Flynn and others, 1995) within a modern Windows TM interface. Specifically, the "Integrated Frequency Analysis" procedure within the Surface-Water Toolbox computer program was used to calculate spring and fall low-flow frequency statistics for this study. This procedure for statistical analysis of timeseries data was obtained from the U.S. Environmental Protection Agency Better Assessment Science Integrating Point and Nonpoint Sources (BASINS) program (U.S. Environmental Protection Agency, 2013). The BASINS program is a multipurpose environmental analysis system designed for drainagebasin-and water-quality-based studies.
Number of Consecutive Days Analyses
Spring and fall low-flow frequency statistics are calculated using the annual minimum mean discharges for any specific number of consecutive days (N-day) low flows on a seasonal basis by limiting the daily mean discharge data used for the annual series to just the season of interest. The mean discharge for each N-day period throughout the annual spring or fall season is calculated and the minimum value is used for that annual spring or fall season. For example, the M7D10Y0406 low-flow statistic is calculated from the annual spring season (April through June) series of minimum 7-day mean flows for a streamgage. From the spring season daily mean discharge record, the mean flow for each consecutive 7-day period is determined and the lowest mean value for each year is assigned to that year in the annual spring season series. The spring season series of annual minimum 7-day values are then fit to a log-Pearson Type III distribution to determine the low-flow frequency (Riggs, 1972) . More specific information about the log-Pearson Type III distribution is documented in Interagency Advisory Committee on Water Data (1982) .
Annual spring and fall seasonal N-day discharge values for some streamgages included in this study were equal to zero. A conditional probability adjustment for zero flow values (Interagency Advisory Committee on Water Data, 1982, appendix 5) was used for low-flow frequency analyses for streamgages with one or more annual spring or fall seasonal N-day discharge values of zero. The N-day periods analyzed in this study for each annual spring and fall season were 1-, 7-, and 30-day periods.
Trend Analyses
The N-day data calculated for annual spring and fall seasons were analyzed for the period of record (table 1-1) for trends using the Kendall's tau hypothesis test. The Kendall's tau hypothesis test was computed within the "Trend" preprocessing step of the "Integrated Frequency Analysis" procedure within the USGS Surface-Water Toolbox computer program. Trends in the N-day data could introduce a bias into the lowflow frequency analyses because a primary assumption of frequency analyses is that annual spring and fall low flows are independent and stationary during a period of time. The Kendall's tau test computes the monotonic relation between N-day values (discharge) and time (annual seasons) (Helsel and Hirsch, 2002) . A p-value threshold of 5 percent (α = 0.05) was used in this study for the Kendall's tau test and p-values less than or equal to 5 percent were flagged as having statistically significant trends (positive or negative).
The Kendall's tau test was performed for the six N-day time series at each streamgage-the annual spring minimum 1-, 7-, and 30-day low flows and the annual fall minimum 1-, 7-, and 30-day low flows. Results of the Kendall's tau tests indicated statistically significant positive trends for 137 streamgages, and statistically significant negative trends for 1 streamgage, of the 241 streamgages tested using the period of record (table 1-1); however, regulated streamgages on the Iowa, Chariton, Des Moines, Middle Raccoon, and Missouri Rivers (fig. 1) were tested for trends using the regulated period of record. Streamgages on the Mississippi River ( fig. 1) were not considered regulated for this study for the trend analyses because the Mississippi River locks and dams were built for river navigation and have only a minimal regulatory effect on streamflows (Fischer and others, 1990) . Streamgages on the Mississippi River were not included in the development of RREs because their drainage basins extend outside of the 50-mi buffer used for the study area.
Annual and seasonal precipitation data for Iowa were tested for trends using Kendall's tau analyses (Eash and Barnes, 2012) . Although statistically significant trends in precipitation are apparent for some areas of Iowa for some of the periods of record tested, the precipitation data do not fully explain the low-flow trends. Changes in agricultural practices are hypothesized to be the primary cause of the positive lowflow trends in the State (Schilling and Libra, 2003; Schilling, 2005) . A variable length of record for each streamgage (the longest, most recent period of record without a significant trend) was used in this study to try to minimize the bias of significant positive trends in the computation of selected spring and fall low-flow frequency statistics. A description of the variable record-length approach is presented Eash and Barnes (2012) .
About 3,400 Kendall's tau trend analyses were computed as part of the variable-length record approach for this study. The longest period of record without a significant trend for all six N-day records for each streamgage is listed in table 1-1 under the column headings of "Period of record used for computing spring low-flow statistics" and "Period of record used for computing fall low-flow statistics." A difference in the period of record listed in these columns from the preceding column heading of "Period of record," indicates that a significant trend was determined for the period of record and a shorter period of record was used for the computation of selected spring and fall low-flow frequency statistics. If a significant trend was determined for the period of record for a streamgage, the same number of years of record was used for calculating the spring and fall low-flow frequency statistics dependent on the longest, most recent period of record without a significant trend for each season.
The number of years of record for the 211 streamgages included in the development of the spring RREs ranged from 10 to 80 years with a mean of 36 years and a median of 36 years. The number of years of record for the 208 streamgages included in the development of the fall RREs ranged from 10 to 79 years with a mean of 36 years and a median of 37 years.
Basin Characteristics
Low-flow characteristics of streams are related to the physical, geologic, and climatic properties of drainage basins (Smakhtin, 2001) . In most studies, drainage area is a significant variable in explaining low-flow variability (Funkhouser and others, 2008; Kroll and others, 2004) . Basin characteristics investigated in this study as potential explanatory variables in the regression analysis were selected on the basis of their theoretical relation to low flows, results of previous studies in similar hydrologic areas, and the ability to quantify the basin characteristics using GIS technology and digital data-sets. The use of GIS enables the automation of the basin-characteristic measurements and solution of the RREs using StreamStats.
Using GIS technology, 63 basin characteristics were measured for each of the 211 streamgages included in this study for the development of RREs. A brief description of each basin characteristic and the data source used to measure the characteristic are listed in table 1. Basin-characteristic names used in this study were selected to maintain consistency with the names of explanatory variables in the USGS StreamStats Web-based GIS application (http://streamstatsags.cr.usgs.gov/ ss_defs/basin_char_defs.aspx).
Similar GIS-measurement methods were used in this study as were used in the previous low-flow study for Iowa (Eash and Barnes, 2012) , with the exception that Arc Hydro Tools (x64), version 10.3.0.39 with ArcGIS 10.3.1 for Desktop, version 10.3.4959 (Environmental Systems Research Institute, Inc., 2014) and a batch-processing method to measure basin characteristics for multiple streamgage sites were used for this study. The batch-processing method (http:// streamstatsags.cr.usgs.gov/ss_bp/) was performed locally using GIS data layers created for Iowa StreamStats. The landuse characteristics were computed from National Land Cover Database (NLCD) 2011 datasets (Homer and others, 2015) and the climatic characteristics were computed from Oregon State University Parameter-elevation Regressions on Independent Slopes Model (PRISM) datasets (PRISM Climate Group, 2016) . For this study, 24 new GIS data layers for a 50-mi buffer of Iowa were created for the measurement of 15 new basin characteristics (table 1; Homer and others, 2015; Wolock and others, 2004; PRISM Climate Group, 2016 ) that were not included in the previous low-flow study for Iowa. The 15 new basin characteristics are listed in table 1 with green text; the characteristics were selected on the basis of recent low-flow studies for Minnesota (Ziegeweid and others, 2015) and Missouri (Southard, 2013) .
Because the final Watershed Boundary Dataset (WBD) certified for Iowa by the U.S. Department of Agriculture, Natural Resources Conservation Service (2016) became available for Iowa following the measurement of basin characteristics for the previous low-flow study for Iowa (Eash and Barnes, 2012) , all 63 basin characteristics listed in table 1 were either newly measured (15 basin characteristics) or remeasured (48 basin characteristics) for this study. Fifteen of 48 basin characteristics that were measured in the previous low-flow study for Iowa were remeasured for this study using updated PRISM Climate Group (2016) data layers or a newly created NLCD data layer (Homer and others, 2015 ; LC11ACROP) (table 1). The 15 basin characteristics that were remeasured with updated GIS data layers are listed in table 1 with red text. A 10-meter digital elevation model (DEM) was used locally for the measurement of basin characteristics for this study. The DEM is hydrologically enforced using previously processed National Hydrography Dataset (NHD) data (Eash and Barnes, 2012) and the newer certified WBD data; this DEM has been used nationally for the measurement of basin characteristics since Iowa StreamStats was first implemented in June 2013. Thus, a comparison of basin-characteristic values for all 48 remeasured basin characteristics listed for streamgages in table 1-1 in this report may be different from those published in the previous low-flow study report (Eash and Barnes, 2012) .
Hydrologic basin characteristics (base-flow index [BFI] , hydrograph separation and analysis [HYSEP] , annual baseflow-recession time constant [TAU_ANN] , seasonal baseflow-recession time constant computed for October through December [TAU10_12], and streamflow-variability index [STREAM_VAR] ) that were tested for significance for the development of regression equations in the previous low-flow study for Iowa (Eash and Barnes, 2012) were not tested for significance for the development of regression equations in this study as a result of verbal discussions with members of the USGS Office of Surface Water. This decision was based on the fact that hydrologic-characteristic values cannot be calculated directly for ungaged sites and have to be estimated; therefore, the inclusion of hydrologic characteristics as variables in the development of regression equations adds a level of uncertainty that is not directly reflected in the performance metrics provided for the regression equations.
In addition to the five hydrologic basin characteristics, a sixth basin characteristic (the percent area with slopes greater than 30 percent facing north [NFSL30]) that was tested for significance for the development of regression equations in the previous low-flow study for Iowa (Eash and Barnes, 2012) was not tested for significance for the development of regression equations in this study because a theoretical relation to low flows was not indicated in the previous study. Therefore, the 63 basin characteristics measured in this study for the development of RREs are accounted for with the exclusion of 6 basin characteristics from the 54 basin characteristics measured in the previous low-flow study and with the addition of 15 new basin characteristics measured in this study (listed in table 1 with green text). Of the remaining 48 basin characteristics measured in this study, 15 of the characteristics were remeasured using updated GIS data layers (listed in table 1 with red text). [DEM, digital elevation model; m, meters; WBD, Watershed Boundary Dataset; 24K, 1:24,000-scale; π, pi a mathematical constant commonly approximated as 3.14; NHD, National Hydrography Dataset; NLCD, National Land Cover Database. Basin characteristics included in this study that were not included in the previous low-flow study (Eash and Barnes, 2012) are listed in green. Basin characteristics measured in the previous low-flow study (Eash and Barnes, 2012) 24,000-scale; π, pi a mathematical constant commonly approximated as 3.14; NHD, National Hydrography Dataset; NLCD, National Land Cover Database. Basin characteristics included in this study that were not included in the previous low-flow study (Eash and Barnes, 2012) are listed in green. Basin characteristics measured in the previous low-flow study (Eash and Barnes, 2012) 24,000-scale; π, pi a mathematical constant commonly approximated as 3.14; NHD, National Hydrography Dataset; NLCD, National Land Cover Database. Basin characteristics included in this study that were not included in the previous low-flow study (Eash and Barnes, 2012) are listed in green. Basin characteristics measured in the previous low-flow study (Eash and Barnes, 2012) that were remeasured for this study using updated data layers are listed in red]
Characteristics

Source data
Pedologic/geologic/land-use-Continued LC11IMP-Percent area of impervious area from NLCD 2011 impervious data set (percent area)
Homer and others (2015) In a regional regression study, subdividing a large study area into subregions that are relatively homogeneous in terms of low-flow hydrology typically helps to reduce error in the regression equations. The same three low-flow regions (northeast, northwest, and southern) defined for Iowa from regionalization performed in the previous low-flow study (Eash and Barnes, 2012) were used for the development of RREs in this study ( fig. 1) . Streamgages in Minnesota and Missouri were selected for inclusion in the development of regression equations for this study on the basis of their selection for use in the development of low-flow regression equations for those states (Ziegeweid and others, 2015; Southard, 2013) . The 16 streamgages removed from the regression analyses for this study and the reasons for their removal are listed in table 2. These 16 streamgages were either included in the development of regression equations for the previous study (Eash and Barnes, 2012) or since the previous study, have at least 10 years of streamflow record available for this study. Streamgage 05476000 Des Moines River at Jackson, Minn. (map number 114), which was not included in the development of regression equations in the previous study (Eash and Barnes, 2012) , was included in the development of regression equations for this study because this streamgage was included in the development of Minnesota low-flow regression equations (Ziegeweid and others, 2015) . Data collected for 211 streamgages were compiled into regional datasets for the development of RREs for this study.
Development of Regional Regression Equations
Differences in the percentage of streamgages with estimates of zero flow, computed from observed streamflow for the selected spring and fall low-flow frequency statistics, required the use of different regression analyses. The percentage of streamgages with estimates of zero flow computed from observed streamflow for each selected statistic for each region are listed in the shaded columns in table 3. Estimates of zero flow computed from observed streamflow are commonly considered to be censored data (Kroll and Stedinger, 1996; Kroll and Vogel, 2002) , and the use of multiple-linear regression is not recommended for censored data (Helsel and Hirsch, 2002) . The choice of censored-regression methods depends on the amount of censoring in each region for each low-flow frequency statistic (Helsel and Hirsch, 2002; Eash and Barnes, 2012) . [N, number of streamgages; *, differences in the number of streamgages between spring-and fall-frequency analyses is because some fall records only have 9 years of record, and these streamgages were not included in the development of fall-frequency equations; Q, low-flow estimate computed from observed streamflow (cubic feet per second); >, greater than; M1D10Y0406, spring (April through June) 1-day mean low flow with a recurrence interval of 10 years; M7D10Y0406, spring (April through June) 7-day mean low flow with a recurrence interval of 10 years; M30D10Y46, spring (April through June) 30-day mean low flow with a recurrence interval of 10 years; M1D10Y1012, fall (October through December) 1-day mean low flow with a recurrence interval of 10 years; M7D10Y1012, fall (October through December) 7-day mean low flow with a recurrence interval of 10 years; M30D10YOD, fall (October through December) 30-day mean low flow with a recurrence interval of 10 years; shaded column, the percentage of streamgages with estimates of zero flow computed from observed streamflow for each selected statistic for the region] A substantial number of streamgages included in the development of RREs have estimates of zero flow calculated from observed streamflow for selected spring and fall lowflow frequency statistics; therefore, two types of regression analyses were performed to develop the final equations for the three low-flow regions-left-censored and generalized-leastsquares (GLS) regression analyses. Left-censored regression analyses (Lorenz, 2014) were performed to allow the use of a censoring threshold (0.1 cubic foot per second [ft 3 /s]) in the development of equations to estimate the three spring low-flow frequency statistics (M1D10Y0406, M7D10Y0406, and M30D10Y46) for the southern and northwest regions and in the development of equations to estimate the three fall low-flow frequency statistics (M1D10Y1012, M7D10Y1012, and M30D10YOD) for all three low-flow regions. The leftcensored regression analyses were weighted on the basis of streamgage record length. For the northeast region, GLS multiple-linear regression analyses (Eng and others, 2009) were used in the development of equations to estimate the three spring low-flow frequency statistics (M1D10Y0406, M7D10Y0406, and M30D10Y46) because streamgages in this region did not have any estimates of zero flow calculated from observed streamflow. The GLS multiple-linear regression analyses were weighted on the basis of streamgage record length and on the variance and cross correlation of the spring low flows. Cross correlation accounts for the correlation of concurrent streamflow in the time series of each pair of streamgages in a region (Eng and others, 2009) , and less weight is factored for streamgages that have greater cross correlation as part of the overall weighting used in GLS regression.
If observed low-flow frequency statistics did not estimate any zero flows, which is the case for the three spring lowflow frequency statistics for the northeast region, then a GLS multiple-linear regression was used. If less than 20 percent of the observed low-flow frequency statistics were zero flow, then a left-censored regression method was used because a censoring threshold only applies to the lower-end of the lowflow frequency statistics. If between 20 and 50 percent of the observed low-flow frequency statistics were zero flow, then a logistic regression method would be used to first estimate the probability of zero flow at ungaged sites and then, if necessary, a multiple linear regression would be used to estimate lowflow frequency statistics for sites that are likely to have flow, based on the logistic-regression equations estimate (Eash and Barnes, 2012) . Because the percentage of streamgages with estimates of zero flow are less than 20 percent, a left-censoredregression method was used in the development of all RREs to estimate spring and fall low-flow frequency statistics for this study, with the exception of the spring low-flow frequency statistics for the northeast region.
Although estimates of zero flow are not calculated from observed streamflow for any streamgages in the northeast region for one of the three fall low-flow frequency statistics (M30D10YOD; table 3) or for any streamgages in the southern region for one of the three spring low-flow frequency statistics (M30D10Y46; table 3), and although multiple-linear regression is applicable, left-censored regression was used to develop all three fall and all three spring low-flow frequency equations for the northeast and southern regions, respectively. For the northeast region, the same regression method was used to develop all three fall low-flow frequency equations to avoid the possibility of inconsistencies in estimates, such as an estimate of M7D10Y1012 exceeding an estimate of M30D10YOD. Likewise, for the southern region, the same regression method was used to develop all three spring lowflow frequency equations to avoid the possibility of inconsistencies in estimates, such as an estimate of M7D10Y0406 exceeding an estimate of M30D10Y46. Final left-censored regression models were selected primarily on the basis of minimizing values of the average standard error of estimate (SEE) (Helsel and Hirsch, 2002) .
A description of multiple-linear regression, including GLS regression, and a description of left-censored regression is presented in Eash and Barnes (2012) . Compared to weighted-least-squares (WLS) regression, GLS regression may not be as appropriate for the development of equations for the estimation of low-flow frequency statistics if a set of basin characteristics cannot be identified that describes most of the variability of the low-flow frequency statistics (Ken Eng, U.S. Geological Survey, written commun., 2007). The GLS regression is considered more appropriate than WLS regression if low-flow regression data are highly correlated spatially (Ken Eng, U.S. Geological Survey, written commun., 2009), which is the case for the spring low-flow data for the northeast region. The correlation smoothing function used by the weighted-multiple-linear regression (WREG) program (Eng and others, 2009; Wagner and others, 2016) to compute a weighting matrix for the 62 streamgages included in the development of the GLS regression equation for estimating M7D10Y0406 for the northeast region with 30 years of concurrent flow is shown in figure 2 . The smoothing function relates the correlation between annual spring low-flow time series at two streamgages to the geographic distance between the streamgages for every paired combination of the 62 streamgages with 30 years of concurrent flow data (annual series of spring minimum 7-day mean low flows for all streamgages in the northeast region is shown in figure 2 ). Strong evidence of cross correlation is shown in figure 2 , justifying the use of GLS regression rather than WLS regression, because of the abundance of paired points for 30 years of concurrent flow that extend downwards to the right in the figure.
In addition, GLS regression is justified rather than WLS regression because pseudo coefficient of determination (pseudo-R 2 ) values for all three spring low-flow equations developed for the northeast region exceed 90 percent (table 4; Ken Eng, U.S. Geological Survey, written commun., 2007). The pseudo-R 2 is a measure of the percentage of the variation explained by the basin characteristics (explanatory variables) included in the model. The pseudo-R 2 value is calculated on the basis of the degrees of freedom in the regression (Griffis and Stedinger, 2007) . Final GLS regression models were selected primarily on the basis of minimizing values of the standard error of model (SEM) (Eng and others, 2009 ) and the average standard error of prediction (SEP) (Griffis and Stedinger, 2007; Eng and others, 2009) 
Final Regression Equations
Final regression equations developed for the northeast, northwest, and southern regions defined for Iowa are listed in tables 4, 5, and 6, respectively. Also listed in tables 4-6 are the number of streamgages included in each regression analysis and several performance metrics. StreamStats variable names are used for the response and explanatory variables in the final regression equations (tables 4-6); definitions of the explanatory variables and the units of measure are listed in table 1. Eight basin characteristics are used as explanatory variables in the final regression equations (tables 4-6, ). The GIS software is required to measure the basin characteristics included as explanatory variables in the final regression equations. All explanatory variables included in the final regression equations were statistically significant at the 95-percent confidence level and were not correlated with other explanatory variables used in the same equation. The performance metrics in tables 4-6 indicate the predictive accuracy of the final regression equations. Because two types of regression were used to develop the final equations, performance metrics are reported differently for each type of regression. A description of the performance metrics reported for the left-censored and GLS regressions is presented in Eash and Barnes (2012) .
Accuracy and Limitations of Regression Equations
The RREs developed in this study apply only to stream sites in Iowa where low flows are not substantially affected by regulation, diversion, or urbanization. The applicability and accuracy of the RREs depend on if the basin characteristics measured for an ungaged stream site are within the range of the characteristic values used to develop the regression equations. The acceptable range of basin-characteristic values used to develop each RRE (tables 4-6) is tabulated as minimum and maximum values in table 7. The applicability of the RREs is unknown when any characteristic value measured for an ungaged site is outside the acceptable range. In addition, basin-characteristic measurements at ungaged sites should be computed using the same GIS datasets and measurement methods used in this study; the USGS StreamStats Web-based GIS application includes the same GIS data layers and measurement methods used in this study. The low-flow frequency RREs presented in this report should be used with caution for ungaged stream sites with basin-characteristic values approaching the minimum or maximum limits (table 7) because inconsistencies in the estimates may result. Inconsistencies in estimates occur for ungaged sites when the discharge estimate for a smaller N-day is greater than the discharge estimate for a larger N-day. For example, a M7D10Y0406 discharge may be estimated to be greater than a M30D10Y46 discharge. Inconsistencies in estimates occurred for three of the streamgages listed in table 1-1, likely because some of their basin-characteristic values are near the minimum or maximum limits listed in table 7. For the northeast region, the predicted discharge for M7D10Y0406 exceeds the predicted discharge for M30D10Y46 for streamgages 05410000 and 05410490 (map numbers 27 and 28, respectively) and the predicted discharge for M7D10Y1012 exceeds the predicted discharge for M30D10YOD for streamgage 05408000 (map number 23).
Attempts were made to reduce the occurrence of inconsistencies in estimates by using the same explanatory variables for each regional set of spring and fall low-flow frequency equations. However, inconsistencies in estimates still may occur because RREs were developed separately and have variable prediction intervals depending on the size and variability of the datasets used to develop the regression equations. If inconsistencies in estimates are obtained for an ungaged stream site, a comparison of all low-flow frequency estimates for the site and a check of streamgage data or other published data may help to determine which low-flow frequency statistic is inconsistent. There is not an established solution for addressing the problem of inconsistencies in estimates obtained for an ungaged stream site.
Although reported SEE and SEP performance metrics are not directly comparable between the RREs, predictive accuracies generally tend to be the best for the northeast region and the poorest for the northwest region. For the selected low-flow frequency equations for the northeast region, SEPs range from 32.4 to 48.4 percent for the spring equations and SEEs range from 56.4 to 73.8 percent for the fall equations (table 4). For the northwest region, SEEs range from 58.9 to 62.1 percent for the spring equations and from 83.2 to 109.4 percent for the fall equations (table 5). For the southern region, SEEs range from 43.2 to 64.0 percent for the spring equations and from 78.1 to 78.7 percent for the fall equations (table 6). The percentage of variation in the response variables explained by the explanatory variables (pseudo-R 2 ) for the 18 spring and fall low-flow frequency equations developed for the three low-flow regions ranges from 91.0 to 98.1 percent (tables 4-6).
Of the six low-flow frequency equations developed for each region, the M30D10Y46 regression equations generally have the best predictive accuracy and the M1D10Y1012 equations generally have the poorest accuracy. The better predictive accuracies obtained for the spring equations (April through June), as compared to the fall equations (October through December), indicate less variation in base flows during the spring when compared to the fall. The natural variability of streamflow may be an important factor associated with the predictive accuracy of low-flow frequency regression equations. Estimation of streamflow statistics that have greater variability will have poorer predictive accuracies than estimation of statistics with less variability.
The regression equations presented in this report also should be used with caution in areas where low flows are affected by significant gains as a result of large springs or by significant losses as a result of sinkholes common to karst topography in areas underlain by limestone. The Paleozoic Plateau landform region (not shown) (Eash and Barnes, 2012) contains karst areas within the northeast region where low flows may occur with considerable spatial variability because of gaining or losing stream reaches. User judgment may be required to decide if an ungaged site in a karst area may be affected by significant gains or losses in low flow and if low-flow frequency regression estimates should be compared against streamgage data or other published data. The regression equations also should be used with caution for streams within the Mississippi River and Missouri River Alluvial Plains landform regions (not shown) (Eash and Barnes, 2012) because streamgage data representing these landform regions were not included in the development of the regression equations. If the equations are used at ungaged sites on regulated streams or on streams affected by water-supply and agricultural withdrawals, then the estimates will need to be adjusted by the amount of regulation or withdrawal to estimate the actual flow conditions.
The censoring threshold used to develop all of the leftcensored regression equations was set at 0.1 ft 3 /s because of the uncertainty in measuring and estimating flows below 0.1 ft 3 /s. Thus, low-flow frequency estimates calculated from left-censored regression equations that are 0.1 ft 3 /s, or lower, should be reported as less than 0.1 ft 3 /s. For the northeast region, spring low-flow frequency estimates calculated from GLS regression equations that are lower than 0.1 ft 3 /s also should be reported as less than 0.1 ft 3 /s to maintain a consistent prediction-discharge-reporting limit for Iowa. Because the precision of response-and explanatory-variable data used to develop the equations was commonly limited to three significant figures, selected-statistic discharges estimated from the regression equations also should be limited to three significant figures.
For each of the three low-flow regions, the relations between observed and predicted discharges for M7D10Y0406 and M7D10Y1012 are shown in figures 3 and 4, respectively. The uncertainty of regression estimates can be seen graphically as a greater scatter of observed in relation to predicted points along the 1:1 line. For the southern region, a greater uncertainty is evident for the M7D10Y0406 and M7D10Y1012 discharges below the prediction-dischargereporting limit of 0.1 ft 3 /s. The point shown on figures 3 and 4 for the northeast region as map number 34 is the streamgage 05412100 Roberts Creek above Saint Olaf, Iowa ( fig. 1) . The Roberts Creek Basin is within a karst area of northeastern Iowa (Rowden and others, 1995) and as shown on figures 3 and 4 and listed in table 1-1, the predicted M7D10Y0406 and M7D10Y1012 discharges for this streamgage are substantially greater than the observed M7D10Y0406 and M7D10Y1012 discharges indicating the possibility of a losing stream reach upstream from the site. A few other streamgages with some of the largest differences between predicted and observed M7D10Y0406 or M7D10Y1012 discharges are identified on figures 3 and 4 with labeled map numbers ( fig. 1; table 1-1) . Table 7 . Range of basin-characteristic values used to develop selected spring and fall low-flow frequency regression equations for unregulated streams in Iowa.
[DRNAREA, geographic information system (GIS) drainage area; LC11CRPHAY, percent area of cultivated crops and hay from National Land Cover Database 2011 classes 81 and 82; DRNFREQ, drainage frequency; PRJULDEC10, mean July through December precipitation 1981-2010; Min, minimum; Max, maximum; M1D10Y0406, spring (April through June) 1-day mean low flow with a recurrence interval of 10 years; NA, not applicable; M7D10Y0406, spring (April through June) 7-day mean low flow with a recurrence interval of 10 years; M30D10Y46, spring (April through June) 30-day mean low flow with a recurrence interval of 10 years; M1D10Y1012, fall (October through December) 1-day mean low flow with a recurrence interval of 10 years; M7D10Y1012, fall (October through December) 7-day mean low flow with a recurrence interval of 10 years; M30D10YOD, fall (October through December) 30-day mean low flow with a recurrence interval of 10 years; SSURGOA, hydrologic soil type A; SSURGOD, hydrologic soil type D; SSURGOC, hydrologic soil type C; BSLDEM10M, average basin slope computed from 10-meter digital elevation model] Predicted M7D10Y0406 discharge, in cubic feet per second Figure 3 . Relation between the spring (April through June) 7-day mean low-flow for a recurrence interval of 10 years (M7D10Y0406) discharges computed from observed streamflow and those predicted from regression equations for low-flow regions in Iowa for A, northeast region; B, northwest region; and C, southern region, showing streamgages by map number (table 1-1) with some of the largest differences between predicted and observed discharges. Figure 4. Relation between the fall (October through December) 7-day mean low-flow for a recurrence interval of 10 years (M7D10Y1012) discharges computed from observed streamflow and those predicted from regression equations for low-flow regions in Iowa for A, northeast region; B, northwest region; and C, southern region, showing streamgages by map number (table 1-1) with some of the largest differences between predicted and observed discharges.
Northeast region
Statistic
Prediction Intervals
Although regression equations presented in tables 4-6 can be used to estimate selected low-flow frequency statistics, the true values of the selected low-flow frequency statistics are unknown. A measure of the uncertainty associated with the regression estimate of a low-flow frequency statistic is the prediction interval. The prediction interval is the estimated discharge plus or minus a margin of error. The margin of error is directly related to the certainty with which the estimated discharge is known. A prediction interval is the probability that the true value of the estimated low-flow frequency statistic will be within the margin of error (Helsel and Hirsch, 2002) . The prediction interval determines the range of discharge values estimated for selected statistics given a confidence level and the SEE or SEP. For a 90-percent prediction interval, the true low-flow frequency statistic has a 90-percent probability of being within the margin of error. StreamStats (http://water. usgs.gov/osw/streamstats/) provides 90-percent prediction interval estimates as part of the computation of low-flow frequency statistics for ungaged stream sites in Iowa.
The following equation, modified from Tasker and Driver (1988), can be used for computing the 90-percent prediction interval of a low-flow frequency statistic for an ungaged site:
where Q is the low-flow frequency discharge predicted for the ungaged site from the regression equation, and T is computed as:
where t (α/2,n-p) is the critical value from the student's t-distribution at alpha level α (α = 0.10 for 90-percent prediction intervals, critical values may be obtained in many statistics textbooks, Iman and Conover [1983] , or from the World Wide Web); n-p is the degrees of freedom with n streamgages included in the regression analysis and p parameters in the equation (the number of explanatory variables plus one); and S i is the standard error of prediction for site i, and is computed as:
where MEV is the model error variance from GLS or leftcensored regression; x i is the row vector for the streamgage i, starting with the number 1, followed by the logarithmic values of the basin characteristics used in the regression; U is the covariance matrix for the seasonal regression coefficients; and x i ' is the matrix algebra transpose of x i (Ludwig and Tasker, 1993; Ries and Friesz, 2000) .
Base 10 logarithm (log10) transformations of the response variables were used to develop the three spring low-flow frequency equations for the northeast region (GLS equations in table 4). Therefore, equation 1 is directly applicable to compute 90-percent prediction intervals for the spring low-flow frequency equations for the northeast region. In contrast, base e or natural logarithm (ln) transformations of the response variables were used to develop all 15 left-censored RREs (tables 4-6). Therefore, the computation of 90-percent prediction intervals for these left-censored RREs requires the following modification of equation 2 to:
where e is the base of the natural logarithm, approximately equal to 2.7183; t (α/2,n-p) is described in equation 2; n-p is described in equation 2; and S i is described in equation 2.
Similar to the SEP, S i represents the sum of the model error and the sampling error for a single site i. The x i Ux i ' term in equation 3 also is referred to as the sampling error variance. The values of t (α/2,n-p) and U needed to determine prediction intervals for estimates obtained by the regression equations in tables 4-6 are presented in table 8. Table 8 . Values needed to determine the 90-percent prediction intervals for estimates obtained from regional regression equations using covariance matrices in Iowa.
[t, the critical value from Students t-distribution for the 90-percent probability used in equation 2; MEV, regression model error variance used in equation 3; U, covariance matrix as used in equation 3; M1D10Y0406, spring (April through June) 1-day mean low flow with a recurrence interval of 10 years; Intercept, y-axis intercept of regression equation; log10, base 10 logarithm; DRNAREA, geographic information system (GIS) drainage area; LC11CRPHAY, percent area of cultivated crops and hay from National Land Cover Database 2011 classes 81 and 82; DRNFREQ, drainage frequency; M7D10Y0406, spring (April through June) 7-day mean low flow with a recurrence interval of 10 years; M30D10Y46, spring (April through June) 30-day mean low flow with a recurrence interval of 10 years; M1D10Y1012, fall (October through December) 1-day mean low flow with a recurrence interval of 10 years; ln, natural logarithm; PRJULDEC10, mean July through December precipitation 1981-2010; M7D10Y1012, fall (October through December) 7-day mean low flow with a recurrence interval of 10 years; M30D10YOD, fall (October through December) 30-day mean low flow with a recurrence interval of 10 years; SSURGOA, hydrologic soil type A; SSUR-GOD, hydrologic soil type D; SSURGOC, hydrologic soil type C; BSLDEM10M, average basin slope computed from 10-meter digital elevation model] 
Response
Application of Regression Equations
Methods for applying the RREs listed in tables 4-6 are described in the following examples: To calculate a 90-percent prediction interval for this M7D10Y0406 estimate using equation 1, the x i vector is Using matrix algebra, the product of x i Ux i ' is determined in two steps as follows: (1) by multiplying x i ' (the transpose of x i ) by the covariance matrix, U, to obtain Ux i ' and (2) by multiplying Ux i ' by x i . In this example, the value of x i Ux i ' is 0.00620692. To calculate a 90-percent prediction interval for this M30D10YOD estimate using equation 1, the x i vector is Using matrix algebra, the product of x i Ux i ' is determined in two steps as follows: (1) by multiplying x i ' (the transpose of x i ) by the covariance matrix, U, to obtain Ux i ' and (2) by multiplying Ux i ' by x i . In this example, the value of x i Ux i ' is 0.0146246. For ungaged sites on gaged streams in Iowa, a weighted drainage-area ratio (WDAR) method may provide better estimates of selected spring and fall low-flow frequency statistics than the RREs presented in this report (tables 4-6) when the drainage-area ratio (DAR) is between 0.5 and 1.4. This guidance is based on the results of testing the estimation accuracy for annual 7-day mean low-flow for a recurrence interval of 10 years (M7D10Y) for ungaged sites on gaged streams in Iowa in the previous study (Eash and Barnes, 2012) . However, use of the WDAR method when the DAR is greater than 1.4 may produce negative values for some estimates (Eash and Barnes, 2012) . Users should consider that errors of estimates (estimation accuracies) for ungaged sites cannot be quantified using the WDAR method and, therefore, should use the RREs presented in this report (tables 4-6) if errors of the estimates or 90-percent prediction intervals are needed.
Example 3
This example is a calculation of a WDAR estimate for the M1D10Y0406 statistic for a stream site in the northwest low-flow region. The location of streamgage 06605600 Little Sioux River at Gillette Grove, Iowa (map number 192) is shown on figure 1 ; this streamgage will be assumed to be an ungaged site for this example. The location of another streamgage 06605850 Little Sioux River at Linn Grove, Iowa (map number 193), which is downstream on the same stream, also is shown on figure 1 ; this site will be used as the streamgage in this example. This drainage basin is within the northwest region. The following is a list of five steps that are required to calculate an estimate for the WDAR method using equation 14 in Eash and Barnes (2012) :
The first step is to calculate Q ru , which is the RRE estimate for the ungaged site (map number 192). Using StreamStats to measure basin characteristics for the ungaged site, DRNAREA is measured as 1,352.03 mi 2 , which is different from the published value (1,334 mi 2 ); SSURGOA is measured as 1.716 percent; and SSURGOD is measured as 0.461 percent ( 
StreamStats
StreamStats is a USGS Web-based GIS application (http://water.usgs.gov/osw/streamstats/) that allows users to obtain streamflow statistics, drainage-basin characteristics, and other information for user-selected sites on streams. Users can select stream site locations of interest from an interactive map and can obtain information for these locations. If a user selects the location of a USGS streamgage, the user will get previously published information for the streamgage from a database. If a stream site location is selected where data are not available (an ungaged site), a GIS program will estimate information for the site. Additional information about StreamStats is presented in Eash and Barnes (2012) .
All 18 regression equations presented in this report will be incorporated into the StreamStats application (http://water. usgs.gov/osw/streamstats/). StreamStats will then provide users the ability to estimate selected spring and fall low-flow frequency statistics and 90-percent prediction intervals for ungaged stream sites in Iowa using the 18 updated equations in this report.
Summary
Reliable estimates of low-flow statistics are essential for the effective management of water resources related to watersupply planning and management and for setting wastewatertreatment plant effluent limits and allowable pollutant loads to meet water-quality standards for irrigation, recreation, aquatic life, and wildlife conservation. In 2015, the U.S. Geological Survey led a statewide study in cooperation with the Iowa Department of Natural Resources to update and improve the accuracy of estimates of selected spring and fall low-flow frequency statistics for stream sites in Iowa.
Primary components of the study included (1) computing three selected spring low-flow frequency statistics at 241 continuous-record streamgages and three selected fall low-flow frequency statistics at 238 streamgages using the longest, most recent period of streamflow record through June 2014 without a significant trend; (2) measuring 63 basin characteristics for each of the 208 streamgages included in the fall season regression analyses and for an additional 3 streamgages for a total of 211 streamgages included in the spring season regression analyses; and (3) developing 18 regional regression equations (RREs) to estimate the six selected statistics at ungaged stream sites based on basin characteristics. Because only 9 years of fall streamflow record were available, 3 streamgages included in the computation of the spring statistics and the development of the spring regression equations were not included in the computation of the fall statistics and the development of the fall regression equations.
The Kendall's tau test was performed for the six number of consecutive days (N-day) time series at each streamgage (one test for each spring and fall N-day record) because trends in the N-day data could introduce a bias into the selected spring and fall low-flow frequency analyses. Results of the Kendall's tau tests indicated statistically significant positive trends for 137 streamgages, and statistically significant negative trends for 1 streamgage, of the 241 streamgages tested when considering the period of record. A variable-lengthrecord approach to determine the longest period of record without a significant trend for all six N-day records using Kendall's tau trend analyses was selected for use for this study. Drainage areas of the streamgages used to develop the spring and fall RREs ranged from 1.4 to 7,785 square miles.
Methods described in this report for estimating selected spring and fall low-flow frequency statistics are applicable only to stream sites in Iowa that are not substantially affected by regulation, diversion, or urbanization and with basin characteristics within the range of those used to develop the equations. The RREs were developed for three selected spring (April through June) 1-, 7-, or 30-day mean low flow for a recurrence interval of 10 years (M1D10Y0406, M7D10Y0406, and M30D10Y46, respectively) and for three selected fall (October through December) 1-, 7-, or 30-day mean low flow for a recurrence interval of 10 years (M1D10Y1012, M7D10Y1012, and M30D10YOD, respectively).
The study area, which includes Iowa and adjacent areas within 50 miles of the Iowa border of neighboring States, was divided into three low-flow regions that were defined in a previous low-flow study. Regional regression analyses were used to relate physical and climatic characteristics of drainage basins to selected spring and fall low-flow frequency statistics for each of the three low-flow regions.
Because a significant number of streamgages included in the development of RREs have estimates of zero flow calculated from observed streamflow for selected spring and fall low-flow frequency statistics, two types of regression analyses were performed to develop the final equations for the three low-flow regions-left-censored and generalized-least-squares (GLS) regression analyses. Left-censored regression analyses were performed to allow the use of a censoring threshold in the development of equations to estimate the three fall lowflow frequency statistics for all three low-flow regions and in the development of equations to estimate the three spring low-flow frequency statistics for the southern and northwest regions. Because streamgages in the northeast region did not have any estimates of zero flow calculated from observed streamflow for the selected spring low-flow frequency statistics, GLS multiple-linear regression analyses were used to develop the equations to estimate the three spring low-flow frequency statistics for the northeast region.
All 63 basin characteristics measured for each of the 211streamgages included in the regression analyses were determined from digital databases using geographic information system (GIS) software. The eight basin characteristics used as explanatory variables in the final regression equations are as follows: three morphometric characteristics (GIS drainage area, average basin slope computed from a 10-meter digital elevation model, and drainage frequency), four pedologic/land-use characteristics (hydrologic soil type A, hydrologic soil type C, hydrologic soil type D, and percent area of cultivated crops and hay from National Land Cover Database 2011 classes 81 and 82), and one climatic characteristic (mean July through December precipitation 1981 December precipitation -2010 . For the selected low-flow frequency equations for the northeast region, average standard errors of prediction range from 32.4 to 48.4 percent for the spring equations and average standard errors of estimate range from 56.4 to 73.8 percent for the fall equations. For the northwest region, average standard errors of estimate range from 58.9 to 62.1 percent for the spring equations and from 83.2 to 109.4 percent for the fall equations. For the southern region, average standard errors of estimate range from 43.2 to 64.0 percent for the spring equations and from 78.1 to 78.7 percent for the fall equations.
The GIS software is required to measure the basin characteristics included as explanatory variables in the regression equations. Low-flow frequency estimates calculated from censored regression equations that are 0.1 cubic foot per second (ft 3 /s), or lower, should be reported as less than 0.1 ft 3 /s. Selected spring low-flow frequency estimates calculated to be lower than 0.1 ft 3 /s from GLS regression equations for the northeast region, also should be reported as less than 0.1 ft 3 /s to maintain a consistent prediction-discharge-reporting limit for Iowa.
All 18 regression equations developed for this study will be included in the U.S. Geological Survey StreamStats Webbased GIS application. StreamStats will then provide users the ability to estimate selected spring and fall low-flow frequency statistics, drainage-basin characteristics, and 90-percent prediction intervals for ungaged stream sites in Iowa using the 18 updated equations in this report. 
Appendix 1. Streamgage Information Included in this Study
